Background/Aims: To investigate the effects of bone marrow stromal cells (BMSCs) and underlying mechanisms in traumatic brain injury (TBI). Methods: Cultured BMSCs from green fluorescent protein-transgenic mice were isolated and confirmed. Cultured BMSCs were immediately transplanted into the regions surrounding the injured-brain site to test their function in rat models of TBI. Neurological function was evaluated by a modified neurological severity score on the day before, and on days 7 and 14 after transplantation. After 2 weeks of BMSC transplantation, the brain tissue was harvested and analyzed by microarray assay. And the coronal brain sections were determined by immunohistochemistry with mouse antigrowth-associated protein-43 kDa (anti-GAP-43) and anti-synaptophysin to test the effects of transplanted cells on the axonal regeneration in the host brain. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay and Western blot were used to detect the apoptosis and expression of BAX and BAD. Results: Microarray analysis showed that BMSCs expressed growth factors such as glial cell-line derived neurotrophic factor (GDNF). The cells migrated around the injury sites in rats with TBI. BMSC grafts resulted in an increased number of GAP-43-immunopositive fibers and synaptophysin-positive varicosity, with suppressed apoptosis. Furthermore, BMSC transplantation significantly downregulated the expression of BAX and BAD signaling. Moreover, cultured BMSC transplantation significantly improved rat neurological function and survival. Conclusion: Transplanted BMSCs could T.-H. Wang and A. Lim contribute equally to this work.
Introduction
Traumatic brain injury (TBI) is a leading cause of mortality and morbidity in the world, since it induces degeneration and death of cells of the central nervous system. According to an epidemiological study in China, traffic accidents and falls from height are the primary causes of TBI (60.9% and 13.4%, respectively) [1] . For all patients with TBI, the mortality rate is still high at 10.8%, while 2.6% remain in a persistent vegetative state, 2.2% have severe disabilities, and 7.2% have moderate disabilities [2] . Even higher rates of mortality and disability are observed in Asian countries with low or middle income [3] . Currently, few interventions have been shown to be efficacious for the treatment of TBI in clinical trials [4] , and it is therefore necessary to develop new therapeutic interventions for the clinical treatment of TBI.
The pathophysiological process of TBI includes primary and secondary response phases [5] . The pathological cascade is associated with changes in a number of genes such as neurotrophic growth factors, and therapeutic strategies for TBI mainly include the administration of neurotrophic drugs and rehabilitation training of neurological function [6] . However, tissue or cellular transplantation is now considered as one of the most promising strategies for the therapy of TBI [7] [8] [9] . There is growing evidence that transplantation of bone marrow stromal cells (BMSCs) can be useful in reversing the sequels of trauma affecting the brain and/or the spinal cord. BMSCs have distinct biological features that support the survival and development of neurons [10] and promote axonal regeneration [11] . BMSCs are stromal cells and are present in the femur and tibia [12] . They share some features with Schwann cells and astrocytes [13] . BMSCs can release neurotrophic factors (NFs) such as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), glial cell-line derived neurotrophic factor (GDNF), and neurotrophin (NT) to support the survival and development of neurons [14] [15] [16] . Based on the capacity of BMSC for self-renewal and differentiation into target cells [17] , BMSCs could be used for treating TBI. Therefore, the aim of the present study was to examine the effects of BMSCs on neural behavior and the involvement of GDNF, BAX, and BAD signaling in this process. The results could provide critical evidence for the therapy of TBI using BMSC transplantation for future clinical trials.
Materials and Methods

Culturing, purification, and identification of BMSCs
The BMSCs were harvested from 6-to 8-week-old green fluorescent protein-transgenic mice (Center of Experimental Animal, Kunming Medical University, Kunming, China), and were isolated as described in a previous study [18] . Briefly, both ends of the femur and tibia were cut, and the marrow was flushed using Dulbecco's Modified Eagle Medium Nutrient Mixture F-12 (DMEM/F-12; Gibco, NY, USA). Then, the marrow was mechanically dissociated into a single-cell suspension. Cells were cultured in DMEM/F-12, supplemented with 10% fetal bovine serum (Gibco) and 2mM glutamine, 10,000 U/L penicillin, and 10 mg/L streptomycin. The flasks were cultured in a standard humidified air incubator containing 5% CO 2 and maintained at 37°C. When the adherent cells grew to 90% confluence, they were passaged (1:3) into different culture flasks. BMSCs at passage 2 were used for the study. After approximately 21 days, the cells were either transplanted or plated onto poly-L-lysine-coated glass cover slips or plastic culture dishes at a density of 10 5 cells/mL. For immunofluorescence, BMSCs were incubated continuously for 12 hours, fixed in 4% paraformaldehyde for 20 minutes, and washed with phosphate-buffered saline (PBS) three times. Cells were permeabilized and preincubated with blocking solution (containing 2% goat serum, 0.3% Triton X-100, and 0.1% BSA in PBS) for 30 minutes at room temperature. Then, they were incubated overnight with a primary antibody (CD44; 1:200; Millipore Bioscience Research Reagents, CA, USA) diluted in the same blocking solution at 4°C, washed with PBS, and incubated with Cy3-conjugated goat anti-rabbit IgG (red) secondary antibody diluted in the same blocking solutions for 30 minutes at 37°C. Cells were observed with a light microscope (Leica, Solms, Germany) to identify the cells and to determine the purity of BMSCs. Flow cytometry was used to examine the BMSCs accurately. BMSCs were labeled with mouse MSC positive cocktail, as described in a previous study [19] . Cells were analyzed using a BD Aria flow cytometry system (BD Biosciences, NJ, USA). Briefly, BMSCs were labeled by mouse MSC positive cocktail: CD90 FITC (Clone: 5E10); CD105PerCP-Cy5.5 (Clone: 266); CD73 APC (Clone: AD2); and PE mouse BMSC negative cocktail: CD34 PE (Clone: 581); CD45 PE (Clone: HI30); and HLA-DR PE (Clone: G46-6). Then cells were detached using BD Accutase Cell Detachment Solution (No. 561527), washed and resuspended at a concentration of 1 × 10 7 cells/mL in BD Pharmingen Stain Buffer (No. 554656) for test, and followed the assay procedure: The tubes were labeled and antibodies added (the kit components of flow cytometry description as in Table  1 ); this was repeated for each additional cell sample; tubes were then incubated in the dark for 30 minutes; the cells were washed twice with BD Pharmingen Stain Buffer (FBS) and resuspended at 300 -500 μL in BD Pharmingen Stain Buffer (FBS); the cells were then analyzed using a BD Aria flow cytometry system.
Immunofluorescence
Cultured BMSCs were washed in PBS for 10 minutes in 96-well plates and then blocked in 5% normal goat serum for 30 minutes. This was followed by incubation in 0.3% Triton X-100 in PBS for 30 minutes at room temperature. Afterward, the BMSCs were incubated with rabbit anti-GDNF (1:500; Santa Cruz Biotechnology, CA, USA) for 2 hours at 37°C and then overnight at 4°C. After washing three times and incubating with fluorescent secondary antibody IgG (1:200, Cy3-conjugated goat anti-rabbit IgG: red; Santa Cruz Biotechnology) for 2 hours at 37°C, red fluorescence was observed under fluorescence microscopy. The pictures were collected using a Leica imagine analysis system (Leica, IL, USA).
TBI modeling
The animal research process conformed to the relevant ethical guidelines for human and animal research. All protocols involving the use of animals complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and were approved by the Animal Care and Use Committee, Kunming Medical University (Kunming, China). Forty-eight healthy Sprague-Dawley (SD) rats weighing 200 ± 20 g were used in the study. They were randomly assigned to three groups (n = 16 per group): the shamoperated group; the TBI group (underwent injury in the cortical motor area); and the BMSC transplantation group (BMSCs were implanted into the injured site). Three days before operation and daily after operation, all rats were injected intraperitoneally (i.p.) with cyclosporine A (1 mg/kg/day). All rats were injected with the same medium as the rats in the BMSC group.
A modified controlled cortical impact device (VA, USA) was used to administer unilateral brain injury based on the modified Feeney method [20] . Briefly, rats were anesthetized with chloral hydrate (360 mg/ kg, i.p.). The head was mounted in a stereotaxic frame and held in the horizontal plane. A midline incision was made for exposure, and a 7-to 8-mm craniectomy was performed on the right cranial vault. The center of the craniectomy was placed at the midpoint between bregma and lambda, 3-mm lateral to the midline, overlying the tempoparietal cortex. Animals received a single impact of 3.1-mm depth of deformation with an impact velocity of 6 m/second and a dwell time of 150 ms (moderate-severe injury) at an angle of 10° from the vertical plane with the use of a 6-mm-diameter impact tip, making the impact orthogonal to the surface of the cortex. An audible baseline monitor was used to ensure that the location of the tip was consistent before each impact, relative to the surface of the brain. The impact was delivered onto the parietal association cortex. Sham injury was performed by anesthetizing the animals, making the midline incision, and separating the skin, connective tissue, and aponeurosis from the cranium before closing the incision. The body temperature was maintained at 37°C using a heating pad [21] .
Preparation of cellular suspension and transplantation
BMSCs from three passages were harvested. After TBI, BMSCs were immediately transplanted into the rats (BMSC transplantation group) in the pericontusional region using a cell density of 1 × 10 7 /mL. For transplantation, a 25-gauge microinjection needle was used to stereotactically guide the placement of the cells into the area of injury and the penumbral area. Cellular suspensions (5 μL) were injected at four sites: 3-mm rostral, caudal, left, and right from the center of the injured site. For each site, the cell suspension was delivered at three depth points (2, 1.5, and 1 mm) from the surface of the cortex [22, 23] . The injection velocity was controlled at 1 μL/min. The volume of the injected cell suspension was 1.5μL, 2μL, and 1.5 μL, respectively. After each injection, the needle was held in for 1 minute before being withdrawn. Animals in the TBI group underwent identical procedures, with the injections only consisting of the DMEM/F12 medium without BMSCs. After the surgical incisions were sutured, the rats received extensive postoperation care such as penicillin (50,000 U/kg/day, i.p.) for 3 days.
Neurological behavior
Neurological function was evaluated by a modified neurological severity score (NSS) [24] on the day before, and on days 7 and 14 after the transplantation. The evaluations consisted of motor (muscle status and abnormal movement), sensory (visual, tactile, and proprioceptive), reflex, and balance tests, and were recorded on a scale of 0-18 (normal score, 0; maximal deficit score, 18). They were performed by blinded, trained observers. For the NSS, one point was scored for inability to perform the test or the lack of a tested reflex. Thus, a high score indicated severe injury. All rats were given enough time to become familiar with the testing environment before inflicting the brain injury. This was assessed by the rat's ability to perform all the tests, and then an NSS was performed.
Microarray analysis
To determine the expression of different genes in the brains of rats with TBI and with TBI plus BMSC transplantation, microarray analysis from Agilent's whole rat genome (service provided by Kangchen Biotech, Shanghai, China) was performed to survey the gene expression map. The results were extracted using the Agilent Feature Extraction Software (version 9.5.3), then imported into the Agilent Gene Spring GX software (version 7.3) for further analysis. Consequently, differentially expressed genes (twofold change) were identified.
BMSC survival and migration
Following the BMSC transplantation, coronal brain sections were obtained after 2 weeks for detecting the survival and migration of transplanted BMSCs. After chloral hydrate injections (360 mg/kg, i.p.), the thoracic cavity was opened and room-temperature normal saline was infused for 5 minutes via the left ventricle. Animals were exsanguinated using the right atrium puncture. Then, cold 4% paraformaldehyde was perfused for 15 minutes via the left ventricle. The brain was extracted and placed in 4% paraformaldehyde at 4°C for 24 -48 hours and then placed in 30% sucrose solution overnight at 4°C for cryoprotection after dehydration in a 15% sucrose solution for 8 hours. The brains were embedded in OCT compound (Sakura Finetec, CA, USA) and cut into 20-μm-thick sections. The sections were placed on the slides and viewed using a fluorescence microscope (DM I6000B, Leica, Wetzlar, Germany). The number of surviving cells was assessed from four fields surrounding the epicenter. To detect the proliferation of the transplanted cells, Ki67 (a marker) was detected using a rabbit anti-Ki67 antibody (Abcam, MA, USA) and Cy3-conjugated goat anti-rabbit IgG secondary antibody (red). The slides were observed using a florescence microscope. Proliferating cells were counted from four fields surrounding the epicenter.
Immunohistochemistry for axonal regeneration
Rats were anesthetized and tissues were processed after TBI. A total of 500 mL of 0.1 M PBS (pH, 7.2-7.3, room temperature) was injected into the left ventricle for 20-30 minutes, followed by 500 mL of 4% paraformaldehyde in 0.1 M PBS (pH 7.2-7.3, 4°C for 1 hour) for TUNEL assay and immunostaining. The brain was removed and immersed in the same fixative at 4°C for 24 hours and transferred into the PBS containing 30% sucrose before cryosectioning. Serial sections of the brain tissues were sliced at a thickness of 20 μm using a cryotome (CM1900, Leica), and mounted on gelatin-pretreated slides. To test the effects of transplanted cells on the axonal regeneration in the host brain, the expression of growth-associated protein-43 kDa (GAP-43) in the coronal brain sections was determined by immunohistochemistry with mouse anti-GAP-43 (Chemicon, CA, USA) and horseradish peroxidase (HRP)-labeled secondary antimouse antibody (Dako, Glostrup, Denmark). Bound antibodies were visualized with 3, 3-diaminobenzidine tetrahydrochloride (Dako) by means of the avidin-biotin peroxidase complex method, according to the standard protocols (Vector Laboratories, CA, USA). Images were captured on an Axio Observer Microscope Z1 using the AxioVision 4.6 software system (Carl Zeiss GmbH, Oberkochen, Germany) at a magnification of 20× and 40×. Two sections from the anterior injury, anterior penumbra, central injury, posterior injury, and posterior penumbra areas of each brain were viewed. Cells per coronal section were counted and the counts were averaged and extrapolated to the entire injury area (8 mm) and brain. Five slices in each group and five visual fields at 400× were used to count the number of GAP-43-positive axons and synaptophysinpositive varicosity [25] .
Host neuronal apoptosis
To detect apoptotic neurons in the host brain, TUNEL staining was performed in accordance with the manufacturer's instructions (Roche K-X, Biotechnology, Shanghai, China). A previous study reported two distinct patterns of apoptosis [26] . Some cells were densely labeled and showed clear apoptotic characteristics, such as perinuclear ring formation, patches, or an apoptotic body. Other cells were weakly labeled and considered to be necrotic cells. Only the densely labeled cells were counted as TUNEL-positive cells [27] . To compare the number of apoptotic cells, three fields (400×) from each brain section of each rat in each group were used for statistical analysis.
Western blotting
Tissue samples were lysed, homogenized in RIPA lysis buffer (Beyotime, Jiangsu, China) containing 2% of protease inhibitor cocktail (Roche K-X, Biotechnology), and centrifuged at 12,000 g for 15 minutes at 4°C. The supernatant was collected, and the protein concentration was determined by the BCA assay (Beyotime). T Primary antibodies against GDNF (Abcam), BAX (Epitomic, CA, USA), Bad (Epitomic), and β-actin (Sigma, MO, USA) were used. The secondary antibody was goat anti-rabbit IgG (ZSGB-BIO, Beijing, China). The blots were scanned using an Alpha Innotech scanner (Bio-Rad, CA, USA) using electrochemiluminescence. β-actin was used as the internal control.
Reverse transcription-polymerase chain reaction
Total RNA from fibroblast and BMSCs cells was extracted using a commercial kit (Fermentas, Burlington, ON, Canada), according to the manufacturer's instructions. For reverse transcription, 2.0 µg RNA per sample was reversely transcribed using a reverse transcription kit (Kontes Thomas Scientific, NJ, Table 2 . Primers for RT-PCR USA), according to the manufacturer's instructions. Primers for Gdnf and β-Actin (as an internal control) were designed with the primer 5.0 software and are shown in Table 2 .
Statistics
Statistical analysis was performed using the SPSS 16.0 software (SPSS Inc., IL, USA). Continuous data were expressed as mean ± standard deviation
Results
Successful isolation of BMSCs
After the second passage, cultured cells began to increase in number and size, and acquired the characteristics of BMSCs. At 5 days, three kinds of relatively classical cells derived from BMSCs appeared in the medium, with bipolar, multipolar, and oblate shapes. At this stage, the morphology of BMSCs was distinct, three-dimensional, with strong brightness. BMSCs were mainly bipolar and multiapophysis and interlaced into networks (Fig. 1A) . Then, immunofluorescence was used to identify the BMSCs. A large number of bipolar and multipolar BMSCs were positive for CD44, which was located both in the cytoplasm and processes (Fig. 1B) . For tracing BMSCs in vivo, green fluorescent protein emitting from BMSCs was followed (Fig. 1C) . For flow cytometry, cells were characterized for the expression of a set of cell-surface markers (CD34, CD 45, CD73, CD105, and CD90) (Fig. 1D-K ). Cells were negative for CD45 and CD34 (Fig. 1D) , and positive for CD73, CD105, and CD90 ( Fig. 1E and  F) . Figure 1G presents the percentage of marked cells.
Expression of GDNF significantly increased in the brains of rats with BMSC transplantation
A microarray analysis showed that more than 5100 genes exhibited differential expression in the brain of rat between TBI and TBI plus BMSC transplantation. Among these genes, genes for NF in the brains of rat were substantially upregulated in the TBI plus BMSC transplantation group compared with the TBI group ( Fig. 2A) . Importantly, GDNF was substantially upregulated in the brain of rat with BMSC transplantation (Fig. 2B ). According to the results of the microarray assay, the most upregulated NF included the following: GDNF, nerve growth factor receptor (Ngfr), ciliary neurotrophic factor receptor (Cntfr), fibroblast growth factor 9 (FGF9), transforming growth factor α (TGFα), and FGF18 (Table  3) . Consistent with microarray technology findings, GDNF protein levels were significantly higher in the brains of rats with TBI plus BMSC transplantation group compared with the TBI group (Fig. 2C and D) .
BMSCs expressed GDNF in vitro
To investigate the function of BMSCs expressing GDNF, GDNF immunostaining was detected in cultured BMSCs. The mRNA levels of GDNF were significantly higher in BMSCs compared with fibroblasts (P = 0.037) (Fig. 3A) . Furthermore, the GDNF-positive immunostaining were presented in the cytoplasm of BMSCs (Fig. 3B-D) . These results indicated that BMSCs could synthesize GDNF itself.
Transplanted BMSCs survived and grew well in the host brain
Fourteen days after the BMSC transplantation, a great number of green fluorescent cells could be seen in the transplanted sites, and cells had migrated around the injury site (Fig. 4A) . In addition, the number of surviving cells was counted from four fields around the epicenter. The transplanted cells survived in the host (Fig. 4B) . Using a Ki67 antibody as a marker of cell proliferation, it was shown that BMSCs proliferated in the host brain (Fig. 4C) .
BMSC grafts increased axonal regeneration in the host brain GAP-43 positivity is an indicator of axon regeneration [28] , and synaptophysin in the synapses reflects the regeneration of synapses [29] . In this study, the number of GAP-43- 
Discussion
The aim of the present study was to investigate the role of BMSCs in TBI. The results showed that BMSC transplantation could significantly improve the neurological behavior function, and that the cells migrated around the injury sites in rats with TBI. BMSC grafts resulted in an increased number of GAP-43-positive fibers and synaptophysin-positive The NSS was significantly lower in the TBI plus BMSCs transplantation group than in the TBI group (P < 0.05) at 7 and 14 days after transplantation. However, NSS was still higher in the TBI plus BMSCs transplantation group compared with the sham group (P < 0.05) at 7 and 14 days. Data are presented as mean ± standard error (7 days, n = 16, 13, 15 for Sham, TBI, TBI+BMSCs, respectively; 14 days, n = 16, 10, 15 for Sham, TBI, TBI+BMSCs, respectively); *P < 0.05. varicosities, and with suppressed apoptosis. Furthermore, microarray analysis showed that BMSCs expressed growth factors such as GDNF and NGF. The underlying mechanisms involved the induction of neuroprotection and regeneration, which could be associated with GDNF regulating the apoptosis signals through BAX and BAD. It therefore provides a new evidence to address the possibility of TBI treatments based on BMSCs implantation.
Various different cell types are currently being investigated as potential cell therapy to improve neurological function after spinal cord injury or TBI including Schwann cells, fibroblasts and mesenchymal stem cells [30] [31] [32] . Effects of BMSCs on improving neurological functions have been well studied in recent years and studies are ongoing into methods of increasing their viability after transplant [33, 34] . BMSCs promote remyelination and accelerate conductive velocity of electrophysiology of demyelinated nerves [35] . Once BMSCs encounter astrocytes, the structure of astrocytes changes and they form a channel that is useful to regenerate axons through the glial scars. As a result, functional connections are possible [36, 37] .
When systemically administered, BMSCs migrate toward the sites of brain injury and respond to the TBI brain environment. BMSCs include stem cells and progenitor cells, which act like small factories to produce a set of neurotrophins and growth factors including BDNF, bFGF, and NGF. These neurotrophins and growth factors are important for neuronal survival and axonal growth [38] . Among these factors, GDNF, as an optimal growth factor, can decrease the number of apoptotic cells and maintain neuronal survival [15] . Therefore, GDNF should be useful to reverse neuronal fate under the injured condition. In the present study, our microarray assay and Western blot data revealed that GDNF mRNA and protein levels were increased after BMSCs injection into the pericontusional brain tissue. A previous study has reported that co-expression of GDNF with GFRalpha1 in neural progenitor cells increases their expression of neuronal markers [39] . All these results suggest that GDNF released from BMSCs may be a critical factor for neural remodeling after injury.
BAX, as an inducer of programmed cell death, has the ability to bind to the anti-apoptotic protein BCL-2. BAD is a member of the BCL-2 gene family, which encodes both inducers and inhibitors of programmed cell death. Therefore, BAX plays its role in physiological or pathological process via BCL-2 [40] [41] [42] . Inhibitors of programmed cell death include BCL-2 [43, 44] and BCL-XL [45] . The inducers of programmed cell death include BAX, BAK, and BCL-XS [26, [45] [46] [47] [48] . These proteins have been shown to form a network of homo-and heterodimers to induce apoptosis [49] . The BCL-2 activity is correlated with the ability to form heterodimers with BAX [50] , but is BCL-XL independent [51] . Furthermore, BAX is involved in several NF-mediated neuroprotective effects and has an anti-apoptosis role, which also involves GDNF [52] , BDNF [53] , and NT3 [54] . In the present study, the rat brains that had BMSC transplantation showed decreased expression of BAX and BAD and increased GDNF protein level. These results suggested that GDNF released from BMSCs plays a role in neural remodeling possibly via suppressing the BAX/BAD pathway.
The present study mainly shows that GDNF may be a vital molecule in TBI following BMSC transplantation, and BMSCs regulated the expression of BAX and BAD (the possible underlying mechanism is presented in Fig. 9 ). BAX was originally identified as a major inducer of immune and inflammatory responses under injury conditions. Transgenic mice overexpressing BAX display gliosis, neuronal cell loss, and learning disabilities with prominent neurodegeneration [54] . Hence, excessive BAX expression is likely to play a fundamental role in the pathogenesis of the undesirable outcomes of TBI. In addition, BAD, as a proapoptotic protein in the mitochondria-mediated apoptosis pathway [54, 55] , was also involved in the GDNF-mediated anti-apoptosis in response to BMSC transplantation. In the present study, the BAD expression was significantly downregulated after co-transplantation with BMSCs. This could certainly lead to reduced apoptotic activity. Hence, the prevention of cell apoptosis by the GDNF could be dependent on BAD regulation, a crucial apoptosis signal molecule. Otherwise, the apoptotic activity of BAD is dependent on its phosphorylation status. When BAD is phosphorylated, it forms a complex protein that cannot induce apoptosis [56] . Recent data demonstrated that BMSCs increased astrocyte survival via stimulation of phosphoinositide-3 kinase (PI3K)/Akt and mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/Erk1,2) pathways [57] . Therefore, the effects of GDNF on the phosphorylation of BAD and more proteins and pathways involved in apoptosis need further study in the future, for example, caspase 3, caspase 9a, PI3K/Akt, and ERK1/2.
The present study is not without limitations. Indeed, the study was performed in animals, and the results are not yet directly applicable to humans. Only a few genes and proteins were examined, and more comprehensive studies are necessary. Although GDNF levels produced by BMSCs in brain were measured, the mechanisms underlying BMSCs improving TBI injury were not investigated; the effects of NTFs should be impeded to demonstrate their participation in the protective mechanism in further study. Given that the immune response is also likely to be critical to the mechanism of BMSCs transplantation improving neurological deficits; the influence of an immunosuppressive regime on the rats should be considered in future studies.
In conclusion, BMSC transplantation improved the neurological deficits and enhanced neuronal survival and axonal regeneration in rats after TBI. The underlying molecular mechanisms may be related to the downregulation of BAX and BAD, which might be associated with increased GDNF expression from transplanted BMSCs in the host brain. The present study provides important morphological and molecular biological evidence for TBI in favor of using BMSC transplantation for TBI treatment.
